ABSTRACT:
5

MATERIALS AND METHODS:
75 Materials, bacterial strains, and growth conditions.
76
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 77 noted. Peptone, yeast extract, and agar were purchased from Amresco (Solon, OH). Uranyl 78 nitrate hexahydrate [(UO 2 )(NO 3 ) 2 •6H 2 O] was obtained from SPI Supplies (West Chester, PA).
79
A stock solution of uranyl nitrate (100 mM) was prepared in 0.1 N nitric acid. All PCR reactions 80 were amplified using iProof polymerase from Bio-Rad (Hercules, CA) supplemented with 5% 81 dimethyl sulfoxide (DMSO) according to manufacturer's instructions. Caulobacter crescentus 82 NA1000 was maintained on solid PYE medium (0.2% peptone, 0.1% yeast extract, 0.5 mM
83
MgSO 4 , and 1 mM CaCl 2 ) supplemented with 1.5% agar (28). Liquid cultures were grown in 84 either 1) PYE or 2) modified M5G minimal medium lacking inorganic phosphate (P i ) and 85 containing 5 mM glycerol-2-phosphate as the sole phosphate source (M5G-GP, pH 7.0) (29).
86
Where applicable, kanamycin was supplemented at 25 µg/mL in solid medium and 5 µg/mL in 87 liquid medium for C. crescentus and 50 µg/mL in solid and liquid media for E. coli.
88
For growth in PYE medium, C. crescentus cells were first pre-cultured in 2 mL of PYE were grown for an additional 30 min after which the cultures were analyzed. Growth of cells 93 was performed in biological triplicate and monitored using OD 600 .
94
For growth in M5G-GP medium, C. crescentus cells were pre-cultured in 2 mL of PYE Bellows Falls, VT, filter #41004). Images were processed using ImageJ (35).
219
RESULTS:
220 C. crescentus produces extracellular, crystalline U-P i precipitates.
221
To determine if C. crescentus is able to facilitate uranium phosphate (U-P i ) precipitation,
222
wild type strain NA1000 was grown in PYE medium to early-exponential phase at which time (Table 3) .
225
As a control for chemical precipitation, abiotic samples with no cells were also prepared.
226
The biotic, cell-containing samples contained higher amounts of both U and P i in the 227 insoluble fraction (308 ± 3 nmol U and 340 ± 20 nmol P i ) compared to that of the abiotic control
228
(220 ± 20 nmol U and 170 ± 30 nmol P i ), suggesting that cell metabolism induced U-P i 229 precipitation (Table 3 ). The higher amount of U present in the biotic insoluble fraction was 230 consistent with the lower U content in the soluble fraction. The amounts of P i in all fractions
231
(soluble, insoluble, and total) were higher for the biotic versus abiotic samples, indicating that P i 232 was produced and released from cells during growth. P i production by C. crescentus during growth was confirmed by monitoring P i concentration in the medium throughout growth in the 234 absence of U (data not shown). The fact that the insoluble P i made up a greater proportion of the 235 total P i in the biotic sample compared to the abiotic sample (22 ± 2% versus 13 ± 3%) indicates 236 that some of the P i produced by the cells was precipitated in the insoluble fraction. Further 237 calculations indicate that the biotic sample had a lower molar ratio of U to P i in the insoluble 238 fraction compared to that of the abiotic sample ( Table 3 ), suggesting that the biotic precipitates 239 may be chemically different from the abiotic precipitates and that the cellular production of P i is 240 responsible for the biomineralization process.
241
XRD analysis was used to determine the crystallinity and identity of the U precipitates.
242
Only precipitates produced in the presence of cells generated a diffraction pattern, indicative of 243 crystalline material (Fig. 1A) found to be located extracellularly in the bulk medium (Fig. 1B) . Occasionally, we observed 252 precipitates surrounding the surface of the cells (Fig. 1C) . EDS analysis revealed that all 253 precipitates contained primarily U and P (Fig. 1D ). Based on peak intensity of the EDS spectra, 254 the cell surface-associated precipitates appeared to have a lower U to P ratio compared to those 255 present in the bulk medium. While the lower U/P ratio may be indicative of the P i released and precipitated with U on the cell surface, the presence of phosphate-containing macromolecules on 257 the cell surface such as lipopolysaccharides and phospholipids may also contribute to the lower 258 ratio. The interior of the cells appears to have negligible amounts of U, but significant amounts 259 of P as expected given the prevalence of P in nucleotides and proteins.
261
Uranium biomineralization is catalyzed by PhoY.
262
Given that U precipitates formed in presence of cells contained higher amounts of P i 263 compared to the abiotic control ( and glycerol-2-phosphate (Fig. S1) . The results revealed phosphatase activity towards all three 268 substrates, indicating broad substrate specificity. Surprisingly, cells grown with and without U 269 exhibited the same phosphatase activity towards each substrate tested (Fig. S1 ), indicating that 270 phosphatase activity is neither induced nor inhibited by U. In addition, we found no evidence for 271 extracellular phosphatase activity in the spent medium with and without U (data not shown),
272
confirming that the phosphatase activity is cell-associated.
273
To identify the gene(s) encoding the enzyme(s) responsible for the whole-cell 274 phosphatase activity and thus the U biomineralization observed, we searched the annotated 275 genome of C. crescentus for alkaline phosphatases (36). We focused on alkaline instead of acid 276 phosphatases because the activities that we observed had an optimal pH of 7.5 (Fig. S2) . A 277 genome search revealed 4 annotated alkaline phosphatases in C. crescentus NA1000. The 278 presence of cell-surface associated U-P i precipitates (Fig. 1) biomineralize U (Fig. 3) and increase of insoluble U over time (Fig. 3) . Although both the soluble and total P i 307 concentrations increased over time, the soluble P i was consistently lower than the total P i ,
308
consistent with the increase in insoluble P i . In controls without glycerol-2-phosphate, no P i 309 production or U precipitation was observed as expected (Fig. S4) . In contrast to wild type,
310
∆phoY did not produce any P i nor precipitate any U, indicating PhoY is responsible for whole- and U precipitation activities. Notably, the phoY complement strain has a higher phosphatase 314 activity (480 ± 10 nmol/h) than wild type (260 ± 10 nmol/h). As a result, the rate of U 315 precipitation was faster in the complement strain (136 ± 3 nmol/h) than in wild type (80 ± 10 316 nmol/h). Comparison of P i production with and without U confirmed that the presence of U did 317 not affect phosphatase activity (Fig. S5) , demonstrating that endogenous phosphatase activity is 318 responsible for U biomineralization.
319
To further examine the U biomineralization process, we performed TEM analyses of 320 samples collected at the 5 h time point of the biomineralization assay (Fig. 3E) source indicated that while all three strains grew in the absence of U, only ∆phoY showed lack of 335 growth in the presence of U (Fig. 4A and B) . The initial growth lag observed with ∆phoY in the 336 absence of U is likely caused by P i limitation due to lack of extracellular phosphatase activity.
337
The fact that the ∆phoY strain eventually grew suggests the presence of alternative phosphatases.
338
We suspect C. crescentus is able to transport glycerol-2-phosphate into the cell and generate P i 339 through intracellular phosphatases as an alternative pathway to obtain P i for growth.
340
Consistently, we did not observe P i accumulation in the medium with ∆phoY with or without U
341
(data not shown). The phoY complement strain also exhibited an initial growth lag in the 342 absence of U, which is likely due to the metabolic burden and/or toxicity associated with PhoY 343 overexpression. This general growth defect likely explains why growth of the phoY complement 344 strain in the presence of U was not restored to the wild type level. Notably, PhoY-stimulated 345 growth under U only occurs when P i is initially absent in the growth medium; we observed no difference in growth between wild type and ∆phoY in PYE medium with and without U (Fig.   347   S6 ).
348
To test PhoY-induced cell survival during U exposure under non-growth conditions,
349
aliquots of wild type, ∆phoY, and the phoY complement strain during the biomineralization assay
350
were serially diluted and spotted on PYE-agar to test for survival (Fig. 4C) . Controls with no suggests that free uranyl nitrate species in solution is more toxic than U complexed with 361 glycerol-2-phosphate, which in turn is more toxic than U-P i precipitates. These results thus 362 highlight the importance of speciation when examining U toxicity to microbes.
TEM images showing a lack of intracellular uranium deposits in wild type and the phoY 393 complement strain support this hypothesis (Fig. 3) (Fig. 3 and 4C ). While the relationship between U speciation and bioavailability is complex (1) U biomineralization and toxicity is dependent on the ratio of U to the initial organic phosphate 429 concentration ( Fig. 3 and 4C ), we would expect higher toxicity from the un-chelated form of U
430
and slower conversion to U-P i precipitates at contaminated sites, as previously observed with process ( Fig. 5) were taken 30 min after U addition. An abiotic, no cell control was included for comparison.
599
Error bars denote standard deviations from three biological replicates. showing U precipitates present on the cell surface and in the bulk medium. Scale bars, 500 nm.
608
D) EDS analysis of areas labeled by arrows in the micrograph above. Scale bar, 500 nm. 
